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FRAGMENTATION AND FLOW IN CENTRAL COLLISIONS

B. V. Jacak,” K.G.R. Dose,b H.-A. Gustafaeon,c H. Cutbrod,* J.W. Harris,”*
K.-H. Kampert,””” B, Kolb,” A.M. Poekanzer,”* H.G. Ritter,*” H.R. Schmidt,*

L. Teitelbaum,”* M. Tinclmell,”” S. Weiea,*” and H, Wieman””

Th@ra hMJbeen considerable recent intereet in the production of medium maea frag-

ments (A> 4) in intermediate and high energy nucleus-nucleus collisions, The mechanism

for production of these fragments ie not well understood; attempts to describe fragmen-

tation employ a variety of e8aumptions. Some exarnphe me: disassembly of a system

112liquid-vapor phaee transi-in thermal equilibrium into nucleona and nuclear fragments,

ticns in nuclear matter,s final state coalescence of nucleom’ and dynamical correlations

between nucleona at breakup.c’e Single particle inclusiw~ measurements are inadequate to

distinguish nmong the models, m the fragment m- (or charge) distributions are well de-

s~ribed by al], Even the buic question whether the fragments ariae from ‘hot” or ‘cold”

matter haa not yet been answered.

Inveetigatiou of the fragmantatiou mechanism requires the measurement of more

complicated o’beervablea, To identify what part of the reacting system giwte rise to the

fragm rots, it would be useful to tag them aa participants or spect~tors. Such a separation

is far fro”,n clearcut, and information about tho impart parameter of the collision is cru-

cial, A large acceptance for all the reactl~n products and an event-by-event measurement
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of the fragment multiplicity is required to distinguish fragment formation via sequential

emission from a large equilibrated system and multifragmentation. In order t~ addreea

whether fragments are formed early or late in the collieion, information about the dynam-

ical evolution of the reaction is neceeeary. This can be provided by study of the global

propertied of the events.

Analysis of global variables can aleo allow us to extend recent studiee of collective

sidewarde flow of light particlea. 718C!o!lective flow wae initally predicted by theoretical

fluid dynarnice, 9110111but also arisee in various other models 131ls’ 14”6 incorporating com-

preeeional degreee of freedom in the form of a preeeure-denait y relation, i.e., an equation

of state. In iheee models the amount of traneverae flow is directly related to the stiffneee

of the nuclear equation of state and tranaport propertied of the nuclear medium. le At

non-zero impact parametem there is an inherent asymmetry in the preaeure develope?

in the interaction region, which reeults in a tranaveree flow of matter in the dirwtion

of loweet preeeure. Several calculationa~’’~ ”lo capable of producing nuclear fragments

predict that a stronger collective flow eflbct should bs obeerved for the fragments than for

light particlee emitted in the reaction. Additionally, the presence of the effect in detected

fragmenta may provide further clues to their production mechanism.

The GSI/LBL Plastic Bail/Wall detector systemzo was ueed to study light and intm-

mediate maae fragments over a large eolid angle in 200 MeV/nucleon Au + Au reactions

at the Bevalac. The detector layout is shown in Fig. 1.

The Plaetic Ball conshts of 815 CaF2 (A E)-Plastic Scintillator(E) tehecope modules

covering the angular region from 10” s Ola$< 160° with H and lie isotope identifier.ticm.

Co~.+iitf~-controlled high voltage modules were implemented on tke 160 Ball modules at

dta$ < 3(l” to enable onlino gain-matching. With a careful reduction in gain for them

forward Ball modulee, their dynamic rmge WM extended, enabling the Rimultanecua

measurement of ail produced nuclei from H to Ne. Unit ~eparation of nuclear charges

for 1 < Z < 10 waa obtained with ieotope eeparatiun for Z = 1 and 2. A calibration

for the fragment charge identification wae made by letecting low energy 12C beama

and 12(7 fragmentation producte at the Bavalac using time-of-flight tech liques. In order

to be identified, fragments were required to traverea the 4 mm thick C;aF2 ecintiilatm

producing a low energy cut-off in the laboratory of Etab M 35-40 MeV/nucleon. Since

the velocity of the cm. eyrntem corresponds to Etab N 50 MeV/nucleon, tile !OWenergy

cut-off is not important in the forward diructwn of the c,m, syetem. The mewmrcments
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Fig. 1. Schematic view of the Plaetic Ball and the Plaetic Wall.

of intermediate meea fragments were ofily performed at Olat < 30°, which corresponds to

the forward hemisphere in the cm.

The Plaetic Wall covem anglee 19f.b~ 10° with 60 paira of scintillation counters,

providing particle identification for 1 s Z <6 and velocities ~ ~ 0.3 (4S MeV/nucleon) via

time-of-flight and energy Ioee. Tile acceptance for light charged particlee extends over 4x,

allowing each event to be characterized by charged particle multiplicity, In addition, there

wee a zero degree gaa proportional chamber~ * cover O+ 2° in the laboratory, This detector

with its five wire phmea enabled extremely high poeition resolution for large projectile

remnants. Bearr defining countem employing standard pileup rejection techniquios were

used to ensure against chance coincidence events. 20

The obeerved participant charge multiplicity distribution for Au + Au is shcwn in

Fig, 2, We have ueed this quantity to eort the events into groups accordi~g to impact

parameter, M indicated by the lime in the figure, TLe events with the feweet obeerved

chargea (labeled ‘MUL 1“) correspond to the moat peripheral collisions, while the events

with the highest charge multiplicities (UMIJL5W) arise from central collisions. The drop

in the number of ev.mts with very low multiplicities is a result of the trigger used in the

experiment, which wae deeigned to diecriruinate against the moot peripheral collisions,



p“ t /J~ (multlpll city trigger)
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Figure 3 showss density plot of the invari~~t crow eection for lithium fr gmente from

Au + Au, w a function of ths rapidity and the perpendicular momentum per nlicleon. The

6ve parts of the figurs correspond to the five cutn on the participant charge multiplicity

indicated in Fig. 2. No corrections for the angular and energy cutoffs in the detector have

been applied to the data. Thus two distinct sections are Yisible in each plot, corresponding

to the two auheeaimu of the dstector system which w-oresensitive to intermediate mu

fragments.

It is ~vldent from the figure that peripheral collieione give riea to fragments with

rapiditim very cloee to the beam rapidity, consistent with expectations for fragmentation

of a slightly excited projectile. In the %4UL1” plot we eee a hole in the yield at exactly the

beam rapidity, crxrespoding to coulomb repulsion bstween tho ernittwi lithiu.n fragment

and ● heavy remnant of tho AU projectile. In evente where a projectile remnant is observed,

the ammuthal anglea of the remnant and fragments are correlated, mpporting the picture

of fragmente evaporated from e large projectile residue.
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Fig. 3. Multiplicity eelected rapidity plots for lithium fragmentu from Au + Au. The
multiplicity bins rage from loweet (MIJL1), inchcatiag peripheral collisions to
higheet (MULS), containing central collieione.

In the more central ccilltilone in the highest multiplicity bins, we eee many lithium

fragmeuts emitted with smaller rapiditiea, intermediate between thoee of the target and

the projectile, In contract to the forward peaked angulu distributicma arising from pe-

ripheral collinonc, theee fragments are emitted relatively ieotropically in the ceuter of

nmea system. Such behavior is what one might expect when the projectile nuclecm im-

part more energy to the target and create rm excited ragion which movee at a velocity

apprGximately haifway between $hat of the projectile and the tszget.

The transition between tho peripheral and central collisions ia very smoo~h, with a

gradual shift in the rapiditiea of the obearved fragments away from the projectile [aydity,

In order to check if both projectile-like and midrapidity fragmenta are formed in the same

event, we choee events with multiple fragments and required that at lwurt one fragment

fall into a midrapidity window. We made a rapidity plot uimilar to Fig. 3 of the other



L

~z

forpaniclesWh

a < 90°c.mo
20

10

0

Au

F-I-T%-J
Rmlcimlt mm mlltiPllciw
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fragments in the event, and found thst the mixing occurm event-by-event- even in the

central collisions where midrapidity fragments are formed, we obsm va some ~iated

projwtile rapdity frsgmente.

In order to look for rnulcifragmenta:ion events, and to undemtand the breakup of the

system M a function of impact parameter, we eummad the chargm obeerved m the forward

c m. haniuphere and compared this with the clmge of one Au nucleue. The reeulting

sum is down in Fig. 4, plotted as ● function of the participant charge multiplicity.

For pmpheral collimons, a large pr..JectiIo remnant in detected in many events; theee

correspond to the nmall lobe on the left (1OWmultiplici~) side of the figure. The charge

of the projectde remnant u not well determined, so it u -igned ona half the charge of the

projectile. It is clear that this pmcedura underestima~ tha remnant chuge for the meet

~eripheral collisions and overentima[= it ee tho impact p muneter and projectile rem.nm-c

uecome smaller. The low multipliclkj ~tion in the !argr lobe in the figure correa,)onds
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to events where the projectile remnant waa not recorded in the :ero degree dmrnber.

For centrai colliaione (large muitipiicitiee), nearly all of the Au charge ie obeerved

in the form of light and intermediate maae fragmente. ‘IYheeereeults indicate that in

central and near-central colliaione tbc system breaks up into small and medium maae

fragments (Z < 10) with no large nucleu remnant. As well ea iridicating the o-t of

multifiagmentation, Fig. 4 aleo illuatrata the high efficiency of the detector eyatem and

motivatea an event-by-event study of the fragment multipliciti~.

Multiplicity diatributione of fragmente with 3 < Z < 10, obeerved in the forward

hemisphere in the cm. frame are shcmn m Fig, 5. The eventi ara eorted according to tho

participant charge multiplicity into tlve bins. Most peripheral colliaione (MUL1) reeult in



a low multiplicity of intermediate maae fragments. These fragmente have energiee cloee

to that of the projectile and are ueually accompanied by a large projectile remnant. In

more central collisions (MUL4 and MUL5) Wheie practically all of the projectile charge

is obeerved iri light and interimdiate mace fragments, there are on average 3-4 fragments

per event at O,m < 90°, Extrapolation to 4x leads to 8 or more intermediate maae

fragments in central collieione, with a signMcant number of events producing aa many ae

20 fragments. Theee numbers are slight undereetimatee due to the low beta cut-off for

fragments.

The large number of fragments formed in central collisions, and their emiseion at

midrapidity, motivate analysie of global variablea to study the dynamico of the collision

and the fragmentation mechaniem. To investigate whether the collective flow effect preeent

in light pt tiiclee ie ahm exhibited by heavier fragmente, the transferee momentum analysia

techniques wee employ -d to determine the reaction plane of each event. In this method

the vector difference of the traneveme momentum comporiente of partichw going forward

and those going backwar& in the cm. ia ueed together with the beam axie to define the

reaction plane. This difference correepon& to the collective tranaveree momentum tr-

fer in the cm. The traneverre momentum pperp of each particle ie then projected onto

the reaction plane, where the particle of intereat has been excluded from determination of

the plane [i.e. autocorrelations are removed), yielding the inplane traneveree momentum

p=. For each particle the fraction of the particle’s traneveree momentum that lice in the

reaction plane ia calculated.

Displayed in Fig. 6 is the mean value of the tranmmre rno]nentum alignment (p./pL)

in the MUL3 multiplicity bin for particlec ae a function of their rapidity for Z= 1,2,3 and

6, Poeitive and negative valuee of (p=/pl) correspond to ernieeion projemed into the

reaction plane, but on opposite sidee. The fommd-baclcward asymmetry ie an artifact of

experimental biaeee at low particle energiee (near target rapidity) and spectator cute ‘n

the projectile rapidity region made ueing the prescription of Ref. 23. Since participant-

spectator discrimination is not unique, the alopee of the cuwee at midrapidity in Fig. 6

best characterize the flow.a’ It ie clear that an incr~uingly larger part of the fragment’s

transferee momentum lice in the reaction plane M the fragment mace increaaee. The

Z = 3,6 fragments are more aligned in the plane than the Z = 1,2 particlee, which are

interpreted to flow coll~tivelY$rlsll;, 18,14,16,22
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Having studied the alignment of fragmente in momentum space, the spatial come=

lation of the fragrnente with the reaction plane will now be examined. Pmaented in Fig.

7 are directivity plote showing the asimuthal correlation of wnitted light particlee and

fragmente with the reaction plane. The angle plotted is the azimuthal erniasion angle

of each particle or fkagment with reepect to the reaction plane de5ned by the Z = 1,2

particlee with autocorrelations removed. The left-hand column labeled MUL2 contains

relatively peripheral collisions, and the right, MUL4, relatively central once. Colliaionx at

extremely large or amaIl impact parameter reeult in pool ly-de6ned reaction planes and

are not shown here. The two curvee in each box correspond to rapiditiee of the emitted

particlee and %agmente: near-midrapidity 0.32 < ~ e 0.42 (circlee) and near-projectile

rapidity 0,52 < y < 0.62 (croeeeej, where the projectile rapidity u 0.64. A strong aa-

imuthal correlation is obeurved between all Z ~ 2 nudai and the asimuthal direction of
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maximum collective momentum tranefer in the flow plane # = 0. The correlation is rather

flat for Z= 1 and becomee increasingly stronqer for heavier fragments, Projectile rapidity

fragmentu ore more correlated than midrapidity ones. The effect on projectile rapidity

fragments is larger in central colliaione than peripherrd once, whereaa the midrapidity frag-

ment correiatione have very little dependence upon the centrality of the collision. In the

limit of complete thermalisation, azimuthally symmetric emi.eeion of midrapidity particles

is expected. However, the preeence of a correlation between fragments and the reaction

plane suggeets that thie picture is too simple; dynamic compression-expansion effects are

pmeent for the rnidrapidity fragmente d high multiplicity (central) events.

The obeerved cortelatioue are predicted to arine from collective flow of matter in the

collision. Thti should be more important for central collision than peripheral once, and

a stronger correlation is iudeed eeeu ofi the right ride of Fig. 7. The mesa dependence

of the correlation is aleo conaietent with prediction of flow. 17,1s,19 One fight expect

that the correlation from collective motion will be eornewhat reduced by the random

thermal motion generated in such energetic collision, However, thie is not always the

CWIO,Fot a system of nucleons and fragments in thermal equilibrium ●t ● fixed freemout

temperature, the thermal energy u equally partitioned. Thus, the thermal energy per

nucleon in a fragm~nt of mass A hae a l/A dependence. The flow ener6y, which is

originally compreeeional energy buiit up in the early atagea of the collision, should have

a linear A dependence, i.e. the compreeeionai energy per nucleon is independent of A.

Since the final fragment energy is a sum of the thermal and flow energiee, th. flow is an

increasingly larger fraction of the fragment energy and the thermal energy be important

ae the fragment maae increaaem Figure 8 ~howc tho mean transverse momentum in the

react ion plane per nucleon ( (pJA) ) fo: light and medium maae fragments, u a function of

their rapidity. If the flow energy were to dominate the particle motion, the curvee would

lie oc top of on. another. They are in fact C1OM,though not quite overlapping, consistent

with the expectation of come random therxnd motion, The slightly otronger correlation

with the reaction plane for the heavier fragments indicatee thst the therm.d energy does

indeed become Ieeo ireport ant amthe fragment mace increaeee.

Reuults from the first large eolid angle measurement of fragti,ent formation in periph-

eral and central heavy ion collisions have been preeented. The events are characterized

through 4U measurement of the light charged particbe, yielding impact parameter infor-

mation and all-ing identification of multifragmentation events and analysis of the flow of
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the emitted nuchona and nuclear fragmenta, (3u average, &9 intermediate mass fragments

(2 < Z < 10) are produced in central Au + Au collti,ons at 200 MeV/nucleon, with up

to 20 obeerved in come events, The tramvery momentum per nucleon characterizing tha

flow and the alignnwnt of the fragmente both in poeition and momentum space relative

to the reaction plane is obeerved to increase with the mea of the fragment, supporting

theoretical predictioru of the existence of an enhanced collective flow of heavier nuclear

fragments. The flow data alone may not allow ua to distinguish production of fragmenta

in equilibrium models from coale~ence of nucleone, since the A dependence in both ap

proachee is the name, “ However, it doee tell us that the fragment formation mechanism



preeervea dynamical information from the early stagee of the collision, and provides a

more sensitive probe for future studies of the nuclear matter equation of date.

REFERENCES

1. J. Randrup and S. E. Koonin, Nuci. Phys. A356, 223 (1981). G. Fai and J, Rand~up,
Nucl. Physo A404, 551 (1983).

2. J, P. Bondorf, R. Donangelo, L N. Mishuetin, C. J. Pethick and K. Sneppen, Phyn.
Lett. 150B, 57 (1985).

3. G. Bertech and P. J. Siemens, Phys, Lett. 126B, 9 (1983).

4. H. H, Gutbrod, A. Sandoval, P. Jo!mnean, A.M. Poskanscr, J. Get, W. G. Meyer,
G. D. Weetfall, and R, Stock, Phya. Rev. Lett. 37,667 (1976),

5. E. $track and J. Knoll, Z. Phys. A315, 249 (1984).

6. G. E. Beauvais, and D. H. Bcml, Univ. of Ill. preprint P/86/2/26, 1986.

7. H.-A. Guatafeaon, H.H. Gutbrod, B. Kolb H. Lohner, B. Ludowigt, A.M. Poskanzer,
T. Reuner, H. Riedesel, H.-G, Ritter, A. Warwick, F. Weik and H. Wieman, Phys.
Rev. Lett. 52 lWO (1984),

8. R,E. Renfordt, D, Schall, R. Bock. R, Brockman, J.W. Harris, A. %ndoval, R. Stock,
H. Str6bele, D. Bangert, W. Rauch, G. Odyniec, H.G. Pugh and L.S. Schroeder,
Phys. Rev. Lett, 53763 (1984)

9, W. Scheid, H. Mueller and W. G~eirer, Phys, Rev. Lett. 32741 (1974),

10. A.A. Ameden, G.F. Bertach, F H. Harlow and J.R. Nix, Phys. Rev, Lett. 35906
(19[5).

11. H.St6cker, J. Maruhn and W. Greiner, Phyn. Rev. Le!A. 44 72!5(1980).

12. H. Kruee, B.V, Jacak and H. St&ker, Phys, Rev. Lett 54 (1985) 289.

13. J. Aichelin und H. Stiicker, Phys, Lett, 17614 (1986).

14, R.Y. Cueoon, P.C, Reinhardt, J,J, Molitoric, H. St6cker, M, Struyer, and W. Greiner,
Phys. Rev. Mt. 552786 (1985).

15. C. Gale, G. Bertech and S. DaeGupta, Phys. Rev, C35 1666 (1987).

16, G,F. Bertech W.G. Lynch and M.B, Tsang, Phys. Lett, B189 384 (1987).

17. H. St6cker, A.A. Ogloblin and W. Greiner, Z. Phyc. A303 %N (1981).



18, L.P Csernai, H. St6cker, P.R. Subramanian, G. Graebner, A. Roeenhauer, G. Buch-
wald, J.A. Maruhn and W. Greiner, Phys. Rev. C28 2001 (1983),

19. L.P. Csernai, G. Fai and J. Randrup, Phys. Lett. 140EI 149 (1984),

20. A. Baden, H.H. Gutbrod, H. Liihner, M.R. Maier, A.M. %skanzer, T. Renner, H.
Riedeeel, H.G. Ritter, H. Spieler, A. Warwick, F. Weik and H. Wieman, Nucl. Inst.
and Moth. 203, 189 (1982).

21. R. Albrwht, H.W. Dauee, H.A. Gustafsaon, H.H. Gutbrod, K.H, Kampert, B.W,
Kolb, H. Lohner, B. Ludewigt, A.M. Poskanze~, H.G. Ritter, R. %hulze, H, Stelzer
and H. Wieman, Nucl. Inst. and Math, A245 82 (1986).

22. P. Danielewicz acd G. Ociyniec, Phys. Lett. 157B 146 (1986).

23. K.G.R. Doss, H.A. Guatafason, H.H, Gutbrod, B. Kolb, H. L6hner, B. Ludewigt,
A.M. Pdanzer, T. Renner, H. Riedesel, H.G. Ritter, A. Wwwick and H. Wieman,
Phys. Rev. C32 116 (1985).

24. K.G,R. Doss, H.-A. Gustafkson, H.H. Gutbrod, K.-H. Kampert, B. Kolb, H. Lo’ ner,
B. Ludewi@, A.M. Podanxer, H.G. Ritter, H.R. Schmidt and H. Wieman, I’hys.
Rev, Lett. 57382 (1986).

25. J. Goaset, H,H. Gutbrod, W.G, Meyer, A,M, Pahmer, A, Sandoval, R. Stock and
G.D, Westfall, Phys. Rev. C16 629 (1977).


